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Abstract: Individualized optical modelling of the eye is a useful tool to estimate optical
properties of the eye from a set of geometrical parameters. In the context of myopia research, it
is important to understand not only the on-axis (foveal) optical quality, but also the peripheral
profile. This work describes a method to extend on-axis individualized eye modeling to the
peripheral retina. Using measurements of corneal geometry, axial distances, and central optical
quality from a group of young adults, a crystalline lens model was built to help reproduce the
peripheral optical quality of the eye. Subsequent individualized eye models were generated from
each of the 25 participants. These models were used to predict the individual peripheral optical
quality over the central 40 degrees. Outcomes of the final model were then compared to the
actual measurements of peripheral optical quality in these participants, measured with a scanning
aberrometer. A high agreement was found between the final model and measured optical quality
for the relative spherical equivalent and J0 astigmatism.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The aim of ocular modelling is to predict the standard optical properties of the human eye from a
set of surfaces and refractive indexes that recreate the average geometry of the eye. The optical
properties of the complete system of surfaces and indexes can then be obtained using paraxial
ray-tracing methods [1–5] or with more sophisticated methods, such as those that solve the Snell
law at the interface of rays with each surface [6–16].

Early eye models (paraxial models) were able to determine average central optical properties
of the eye. The object would be aligned with the optical axis of the eye model and the physical
extension of the object only subtended a few minutes of arc with respect to the axis. In these
models, the image was well formed on the foveal (central) area. However, more complex eye
models that solve the Snell law can be used to additionally explain peripheral optical properties
of the eye. To create such models, the geometry of the retina is first required [17], over which
it may be possible to fit other (unknown) ocular geometrical parameters to the experimental
measurements [9,15,18,19] and solve the inverse problem.

Modelling the peripheral optical properties of the eye is of high relevance in the context of
myopia research, as the peripheral retina plays a significant role in the development of myopia
[20–22]. It has been hypothesized that imposing a modified optical image into the peripheral
retina of the eye may have the capability to stop the progression of central foveal myopia [23,24].
Spectacles and contact lenses with modified peripheral optical properties have been accordingly
designed [25–27], and specific average eye models for the myopic eye and retina have been
proposed [28].

Individualized eye models [29] complement traditional eye modelling by obtaining individual
predictions for each particular subject from a simple set of measurements. Typically, this
modelling procedure needs measuring the maximum number of geometrical parameters available
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with the existing ophthalmic instrumentation at the lab or clinic. A validation process of
the predictions is required, whereby the outcome of the model is compared with the real
measurements. An example of this procedure is the prediction of the optical quality of the
eye after the implantation of an intraocular lens to replace the natural crystalline lens (cataract
surgery) [30,31]. This model was simply based on measuring corneal topography, axial distances
of the eye, and misalignments (tilt and decentration) of the IOL with respect to the visual axes.
Tabernero et al. verified this model by measuring the wavefront (foveal) error of each subject and
comparing it to the individual predictions [30].

This work is an extension of the previous modelling procedure by Tabernero et al. to the
periphery of the eye, exploring how accurate a personalized model of the human eye in the
periphery can be. One that is based on the least and simplest possible measurements taken
with instrumentation available to clinicians [30]. This extension requires solving two more
complications with respect to the previous (on-axis) modelling: i) the need for a crystalline
lens model reproducing central and peripheral optical properties of the lens, and ii) the need
of accurate instrumentation to measure peripheral properties of the eye (retinal geometry and
peripheral wavefront error). These two questions and the re-formulation of the model for the
periphery are developed in the sections to follow.

2. Methods

2.1. Instrumentation and measurements

Peripheral aberrations, corneal shape, and retinal shape were measured using a peripheral
scanning Hartmann-Shack wavefront sensor (Voptica SL, Murcia, Spain), a Scheimpflug camera
to image the anterior segment (Pentacam, Oculus, Germany), and an optical biometer based on
partial coherence interferometry (Lenstar, Haag-Streit AG, Switzerland), respectively.

The peripheral scanning aberrometer is an open field Hartmann-Shack wavefront sensor
mounted on a scanning arm that rotates quickly to measure aberrations over a horizontal central
field of ±40° in less than two seconds. The angular resolution of the system is one degree.
Technical details of the instrument are described elsewhere [32,33]. In this work, all calculations
used a pupil diameter of 4 mm. Off-axis elliptical pupils were trimmed to fit the small spherical
pupil in the ellipse. Fifth order Zernike polynomials were used to expand wavefront aberrations.
Mean data from a total of five horizontal scans was used in this study. On average, at 20 degrees
temporal field, the mean standard deviation of peripheral defocus obtained from the five scans
was 0.24± 0.09 D. The same parameter for astigmatism (J0) was 0.16± 0.08 D and for coma
(Z8) was 0.05± 0.03 µm.

The Pentacam device is a rotating Scheimpflug camera that allows measuring the anterior and
posterior corneal surface 3D geometry, reconstructed from 100 Scheimpflug images (corneal
meridians images taken every 1.8 degrees) [34].

The optical biometer, Lenstar, uses partial coherence interferometry to measure axial length
(AXL) of the eye [35]. In order to obtain the profile for each retina, we measured the AXL
on-axis and for 12 off-axis locations across the horizontal ±60°. A fixation non-accommodative
target with small stars located at ±30°,± 20°,± 16°,± 12°,± 8°,± 4° and 0° along the horizontal
meridian was used to obtain the central and peripheral measurements. These angles and the
corresponding AXL measured at each location were converted into retinal coordinates (a radial
coordinate and a z-height) using Verkicharla et al. geometrical equations (stage 1 procedure)
[35]. These equations were further individualized using the corneal radius measured for each
subject with the Pentacam corneal topographer.
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2.2. Modelling

Zemax Optics Studio 17.5 optical design software was used to model all the ocular surfaces.
Corneal surfaces (anterior and posterior) were incorporated into the model as two biconic surfaces
whose sag z-coordinate (“elevation”) follows the equation:

z(x, y) =
cxx2 + cyy2

1 +
√︂

1 − (1 + kx)c2
xx2 − (1 + ky)c2

yy2

The conic constants kx and ky; and curvatures cx and cy (inverse of radius of curvature) were
obtained from a least square fitting (Wolfram Mathematica software) of the Pentacam corneal
elevation data to a biconic surface. Coefficients of determination (R2) of fits were always higher
than 0.996 for both anterior/posterior corneal surfaces.

Central corneal thickness was also obtained from the Pentacam data. Corneal and humors
refractive indeces were adopted from the Liou-Brennan eye model [12].

The retinal surface z-coordinate for the horizontal meridian was obtained using linear
interpolation of the elevation data. Similar to corneal topography, “elevation” means sagittal
height in relation to a reference plane perpendicular to the optical axis. It was obtained after
conversion of the Lenstar AXL data into sag (elevation) data using the equations by Verkicharla
et al. [35]. Retinal “elevation” data were then incorporated into Zemax as a “grid sag” surface.
Horizontal retinal profile data were stored in a vector of 65 elevation points equally spaced by
steps of 0.25 mm. The axial distances between optical elements (cornea, lens and retina) were all
obtained from the Lenstar data.

The lens model was obtained as an individualized version of the Liou-Brennan average lens
model [12], re-calculated after on-axis optimization of certain lens variables as described below,
to fit experimental on-axis refraction and aberrations. The starting point of the optimization
was the average Liu-Brennan lens model, but with a modified thickness according to the lens
thickness data measured by the Lenstar. Because the Liou-Brennan lens model has an asymmetric
variation of the axial refractive index, the actual model was also split in these two axial parts
according to the original Liou-Brennan lens model ratio (40% of total lens thickness split to the
anterior part and 60% to the posterior part). The axial quadratic polynomial variation of the
refractive index was made constant for all subjects. However, the radial rotationally symmetric
variation of the refractive index was made variable, allowing up to a sixth order radial polynomial
change (coefficients of second, fourth and sixth order were made variables for an optimization
procedure). Curvatures and conic constant of anterior and posterior lens surfaces were also
made variables. To fit lens astigmatism, the posterior lens surface was introduced in Zemax
as an “irregular” surface, which allows modifying the astigmatic coefficient (cylinder and axis
of the lens surface) during the optimization procedure. The target merit function consisted
of the combination of the equally weighted measured Hartmann-Shack on-axis coefficients of
defocus, astigmatism, fourth order spherical aberration and sixth order spherical aberration. After
running the optimization procedure (Zemax dampened least squared algorithm) for the lens, an
individualized eye model capable of reproducing the on-axis optical quality was generated. The
radially symmetric gradient refractive index of these models is shown in Fig. 1 (red lines) and
compared to values from the literature [36,37].

For every eye model built, the field angle was changed between -20 and 20 degrees (1 degree
step) and peripheral aberrations (low and higher order aberrations) for a 4 mm pupil diameter
were obtained from Zemax software as a function of the field angle. The refractive profiles were
then compared to those measured by the peripheral Hartmann-Shack wavefront sensor. Figure 2
shows a Zemax ray-tracing layout obtained for one myopic subject with ray bundles at ±20°,± 12°
and 0° field angles.
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Fig. 1. Radial refractive index as a function of the radial lens coordinate at the equatorial
plane of the lens. Red lines represent the lens models obtained after optimization of the
initial Liou-Brennan values.

Fig. 2. Zemax customized eye model layout. Notice the myopia of these particular subject
as the rays focus in front of the retina.

2.3. Subjects

Young healthy subjects (n= 25, mean age 23.88± 1.42 years) with a range of refractive error
(spherical equivalent, SE, of the right eye) between +0.13 and -11.38D (mean -3.41± 3.32D) and
on-axis AXL between 22.66 and 29.42 mm (mean 24.63± 1.63 mm) participated in the study.
Only data from the right eyes were used in the analyses. The study procedures followed the tenets
of the Declaration of Helsinki and were approved by the NECO institutional review board (IRB).
After the experiments and procedures were explained and any questions had been answered, the
informed consent form was signed by the subjects.

3. Results

Figure 3 shows a one-by-one comparison of relative-to-center defocus between the peripheral
Hartmann-Shack sensor data and the prediction of the personal model for each subject. Defocus
values were obtained after converting the fourth Zernike coefficient (Z4) into diopters (mean
spherical equivalent) [38]. The abrupt myopic peak that tended to show up on the positive side of
the eccentricity values represented the optic nerve excavation on the nasal retina. In general, a
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large variability of the defocus profiles and the inter-individual tendencies were well captured by
the models.

Fig. 3. Comparison of relative peripheral defocus between Hartmann-Shack measurements
(red lines) and modelling (black-dashed lines) as a function of field eccentricity for the 25
participants. Negative angle values indicate Nasal fields (object space) and Positive angles
indicate Temporal fields.

Figure 4 shows a Bland-Altman plot (differences between predicted and measured values
plotted against the mean value) at three eccentricities (10, 15 and 20 degrees). The mean
differences between the predicted and the measured value and the interval between the limits
of agreement (Mean± 1.96SD) (expressed on the format [mean, interval of agreement]) were
[+0.09, 0.75] D; [+0.10, 0.96] D and [+0.24, 1.85] D for 10, 15 and 20 degrees of eccentricity
respectively.

Fig. 4. Bland-Altman plot comparing the difference between model and measured values
with the average of these values, shaded area in red shows the limits of agreement for the
20-degree data.
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Astigmatism is also expected to change as a function of the angle of eccentricity. Since
aberrometry measurements were taken along the horizontal meridian, it was expected that the
J0 component will change quadratically as a function of the horizontal angle of eccentricity.
Regarding J45, no significant changes as a function of eccentricity were measured. Figure 5
shows the overall comparison of relative to center astigmatism (J0 component) between predicted
and measured values. As expected from theory, the change of astigmatism against the angle of
eccentricity followed a parabolic profile [39]. In general, the measured and predicted relative
astigmatic parabolas had very similar profiles.

Fig. 5. Comparison of relative astigmatism (J0 component) between Hartmann-Shack
measurements (red) and modelling (black-dashed) as a function of field eccentricity for
the 25 participants. Negative angle values indicate Nasal fields (object space) and Positive
angles indicate Temporal fields.

The differences between the measured data and models were very small (and randomly
oriented), as shown by Bland-Altman plots in Fig. 6. Mean differences between the predicted
and the measured value and the interval of confidence (same format as for relative defocus) were
[0.00, 0.48] D; [+0.09, 0.74] D and [+0.13, 1.00] D for 10, 15 and 20 degrees of eccentricity
respectively.

Beyond defocus and astigmatism, the aberration of coma shows a theoretical linear relationship
with the eccentricity angle [39]. The theoretical linearity was also well reproduced by our model,
but in this case the models tended to overestimate coma compared to the actual measured values
(pupil diameter was 4 mm). The differences, shown by the Bland-Altman plot (Fig. 7), and the
intervals of confidence were [-0.10, 0.28] µm; [-0.11, 0.41] µm and [-0.15, 0.44] µm for 10, 15
and 20 degrees of eccentricity respectively.

While the disagreement in coma values may be relatively important, in practical and absolute
terms it was a very small bias compared to more heavy weighted Zernike terms induced in the
periphery, such as off-axis defocus and astigmatism. Coma is even less important for our myopic
subjects where strong on-axis defocus was already present. In order to show the influence of the
coma disagreement on peripheral imaging, the Point Spread Function (PSF) of one of the less
myopic subjects in the study (#24, SE -1.00D) was calculated at 20 degrees using the Zernike
coefficients measured with the scanning Hartmann-Shack. Also, the extended retinal image was
estimated from the convolution of the PSF with an object, in this case a letter F subtending 0.5
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Fig. 6. Bland-Altman plot for Astigmatism (J0). Shaded area in red shows the limits of
agreement for the 20-degree data.

Fig. 7. Bland-Altman plot for horizontal coma. Shaded area in red shows the limits of
agreement for the 20-degree data.

Fig. 8. Point Spread Function (PSF) measured at 20 degrees of eccentricity for subject
#24 and the corresponding calculated retinal image of an object (letter F, object size is a
square of 0.5 degrees wide). PSF and image on the right represents the same calculation but
subtracting -0.15 mm of coma.
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degrees height. The same calculations were repeated after subtracting 0.15 µm to the Zernike
coma term (the average disagreement error at 20 degrees). Figure 8 shows the results of both
calculations, only very subtle changes are appreciated on the PSFs and retinal images. The
differences are even smaller at angles closer to the center.

4. Discussion

This study demonstrates that individual predictions of peripheral optical properties of the eye are
possible using accurate central aberration data plus corneal surface data, axial distances, and
a model for the retinal surface. All these measurements are possible in a clinical setting. It is
important to note that this approach was essentially different to other recent attempts to create
customized wide-angle eye models in that we did not try to solve a complete inverse problem from
peripheral data using a huge computational workload [19,40]; neither did we optimize the retinal
surface to fit the expected refractive outcome [41]. Instead, from measured central aberration
data and a custom model for the cornea and retinal surfaces, we built models of peripheral optics
that were validated using measured peripheral wavefront data. The procedure was relatively
simple and generated eye models with an anatomical retinal shape based on real measurements.

The retinal surface was the most critical component of the system. The use of retinal surfaces
based on actual experimental measures provided an advantage compared to the use of spheres
or conicoids which are just mathematical surfaces fitted to data. However, using these surfaces
presented some difficulties and limitations. First, they were not obtained from a single and quick
measurement but required a set of AXL measurements to sample the retina field space. This
was time-consuming and some subjects may not have accurately fixated on the off-axis targets
for all locations. Also, technical limitations may arise when only a limited sample density is
available. Here, we chose a compromise between sampling density and an acceptable time
for measurements. Another limitation of this method was the intrinsic optimization of optical
biometers to perform on-axis measurements and the need for conversion between AXL into sag
coordinates [42]. This procedure is not exact and required to take approximations from modelling
[35]. Finally, these measurements were taken mostly from myopic eyes, whose retinal surface
may be more irregular than in emmetropic eyes [43]. These potential irregularities may have
generated a bumpier retinal surface that could be more affected by a limited sampling density.

Our model was accurate in the characterization of optical properties over a central field of 40
degrees. Ideally, the farther we could go into the periphery, the better. However, we were limited
by the retinal surface, as the accuracy of the optical biometer decreases with the eccentricity of
the measurements. In fact, it was observed that the accuracy of the model, particularly of coma
(Fig. 7), starts to decrease at 20 degrees eccentricity. Liu and Thibos [40], using a more complex
procedure, were able to build their customized models only up to 30 degrees central field. Our
model reaches larger eccentricities (40 degrees central field) to visualize and characterize the
typical variability of relative peripheral refraction profiles (Fig. 3). To our knowledge, there are
no better alternatives to get more peripheral zones of the retina. Magnetic resonance imaging
(MRI) provides a full image of the eye globe, but these images are noisier and contain significantly
more uncertainty [35] than the method used here.

Even with these limitations, the prediction of relative peripheral optical quality (defocus and
the J0 component of astigmatism) was generally very good. The mean differences at different
eccentricities were all well under 0.25 D and with no significant bias (Bland-Altmann plots).
However, coma was slightly biased towards more negative predicted values. Still, even for coma
the highest mean difference was -0.15 µm, which was a smaller value than the roughly 0.2 µm of
RMS error obtained from the fully adjusted models of Liu and Thibos [40] and Goncharev et al.
[19]. Besides, this error hardly had any implication in the retinal image and was clearly diluted
by the much stronger low order refractive errors on the retina (Fig. 8). The origin of the bias
could be in part generated by a tilt and/or decentration of the crystalline lens [44,45], which was
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not included here to avoid extra variables on the lens optimization procedure and keep the model
as simple as possible.

Individualized eye modelling for myopic eyes can be very relevant for the design of new optical
corrections aiming to stop the progression of myopia. It is known that peripheral refractions
present a high variability even in myopes [46]. Here, we also demonstrate a large amount of
variability in defocus and astigmatism (see the different profiles in Figs. 3 and 5). Lenses designed
to control the progression of myopia [25] generally aim to impose a relative peripheral myopic
refractive error on the retina. Given the variability of peripheral aberrations, customization of
the peripheral profile of ophthalmic lenses would not only make the effect of optical solutions
(contact or spectacle lenses) more homogenous across the population but would also likely
increase the rate of success of these treatments. In this context, these models will be an ideal tool
for the optical design of such myopic corrections.

In conclusion, this study presents a simple and effective procedure to generate peripheral eye
models that accurately reproduce the individual optical quality of myopic eyes over a central field
of 40 degrees. Given the established individual variability of peripheral aberrations in myopia,
these models represent the perfect personalized platform to design new optical treatments to
control the progression of myopia.
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